The viral and host factors involved in herpes simplex virus (HSV) recombination are little understood. To identify features of the process, recombination in HSV-1 and HSV-2 has been studied by analysing the segregation of unselected markers in the form of restriction endonuclease (RE) sites. By confining parental interactions to only one strain of virus of each serotype, restrictions imposed by non-homology are overcome and differential growth phenotypes can be discounted. The analysis of unselected and selected recombinants using RE sites in conjunction with temperature-sensitive mutations is consistent with (i) HSV being highly recombinogenic, (ii) parental and progeny molecules taking part in the process, (iii) the four genomic isomers participating in recombination, (iv) genome alignment being part of the recombination process and (v) cellular factors in conjunction with genome homology influencing the efficiency of recombination.
Introduction
Recombination in herpes simplex virus (HSV) was first demonstrated by Wildy (1955) and confirmed by SubakSharpe (1969) on isolating wild-type virus from mixed infections between pairs of temperature-sensitive (ts) mutants. Linkage maps of ts mutations of both HSV-1 and HSV-2 have been constructed (Brown et al., 1973; Schaffer, 1974; Timbury & Calder, 1976) . However, Stow et al. (1978) , using marker rescue techniques, showed that although the physical order for the mutations was in agreement in HSV-1 their distance apart, as measured by recombination frequency, differed from their physical position. In HSV-2 the physical and genetic maps were in agreement. The discrepancies in HSV-1 were thought to be due to multiple crossovers between distant markers. Honess et al. (1980) also showed that differences in mean two-factor recombination frequencies between a small number of loosely linked markers were not a reliable measure of real linkage differences and suggested that an essential part of recombination analysis should be a study of segregation of unselected markers among recombinant progeny.
Since the above studies, the analysis of HSV recombination has not progressed greatly and the viral and host factors involved in the process are little understood. Our aims were to address the role of parental and progeny molecules in recombination and that of the four genomic isomers, and to identify hot spots of recombination and the role of particular viral genes involved in recombination. We chose to isolate genomes devoid of certain restriction endonuclease (RE) sites and to use these as unselected markers. The use of RE sites as non-selected markers is advantageous as large numbers of markers can be created which, unlike conditional lethal mutations, need not be confined to essential genes; there is no 'leakiness' as the presence of a site is an all or nothing condition; reversion is liable to be low and, as the markers are not selected for, amplification of the progeny of such events should not occur.
Although Honess et al. (1980) used polypeptide mobilities as unselected markers and Umene (1985) used RE sites, both groups used more than one strain of HSV-1 as their parental input. We have chosen to overcome the restrictions imposed by the possible lack of total homology and growth differential between strains by using only one strain of HSV-1 (17 +) and one of HSV-2 (HG52) from which to delete XbaI sites. Ideally, it would have been desirable to delete each site by site-directed mutagenesis but the complete sequence of 17 + was not available at the start of this project, and the relevant long unique (UL) sequence of HG52 has not been determined.
The parents involved in the recombination studies are therefore essentially homologous and problems of nonalignment should not arise.
The experiments reported in this paper give information on the role of parental and progeny molecules in recombination, the contribution of the four genomic isomers, the role of cellular factors and the role of genomic alignment in the process. The use of distant markers has not allowed possible recombination 'hot spots' to be revealed. However, to this end we have now deleted the HindlII sites in 17 + thus providing better tools to study the phenomena.
Methods
Viruses. The HSV-1 strain 17 + (Brown et aL, 1973) was the parental virus from which all HSV-1 variants and mutants were isolated. The variant 1702 lacking four XbaI sites was described by MacLean & Brown (1987a) . The variant 1708 with an additional XbaI site at 0.74 map units (m.u.) was described by MacLean & Brown (1987b) . The ts mutants tsl201 (Preston et al., 1983 ) and ts1206 were supplied by V. G. Preston.
The HSV-2 strain HG52 (Timbury, 1971 ) was the parental virus from which all HSV-2 variants and mutants were derived. The variant 2611 was described by Harland & Brown (1988) and the variant with an additional XbaI site at 0.17 m.u. was spontaneously isolated during RE screening and supplied by M. Y. Taha.
Recombination.
Recombination experiments were carried out in BHK21/C13 cells at a total m.o.i, of 10 p.f.u./cell with incubation at 31 °C and harvesting of progeny at various times post-infection. Progeny virus was titrated on BHK21/C13 cells at 31 °C and 38-5 °C, single plaques well separated from each other were picked and their DNA was prepared for RE analysis. Recombination frequency (RF) between ts markers was calculated according to the formula described by Brown et al. (1973) , i.e. 38.5 38"5 38"5 [-(X + Y) /X Y \q lOO × 2 ×[ + where (X + y)3s.5 and (X + y)31 represent the titres of progeny virus from a mixed infection of tsX and tsY titrated at 38.5 °C and 31 °C respectively. X 38-5 and y31 represent the yield of the single infections titrated at each temperature. Any leakiness and reversion were also corrected.
RE analysis. RE analysis with XbaI, HindIII, XbaI HindIII and BglII-XbaI was carried out according to a modification of the method of Lonsdale (1979) .
Results

Recombination in HSV-2 strain HG52
(i) Origin of the two parental genomes Wild-type HSV-2 strain HG52 contains four XbaI sites, at 0.45, 0-7, 0.91 and 0.94 m.u. ; two are in the UL region of the genome and two in the short unique (Us) region (Fig. 1 a; Cortini & Wilkie, 1978) . We have isolated an HG52 mutant (JH2611) from which all four normally occurring XbaI sites have been deleted (Harland & Brown, 1988) . Mutants with genomes lacking these sites were isolated following enrichment selection of HG52 DNA with XbaI. Site-directed mutagenesis could not be used as the sequence of the HG52 genome was not known and consequently the precise alteration leading to deletion of each site has not been determined. RE analysis has shown that the sites at 0.45 and 0.94 m.u. have been removed by either a base change or a small insertion/deletion of < 100 bp. The site at 0.7 m.u. has been lost by an insert of approx. 150 bp and the site at 0.91 m.u. has been deleted due to a single base change (Y. Sun et al., unpublished results) .
In the process of screening large numbers of HG52 genomes by RE analysis, we have isolated a mutant which, in addition to having the four standard XbaI sites, contained an additional site at 0-17 m.u. This site is within the BamHI g fragment and is due to a base change or small deletion/insertion of < 100 bp as the mobility of the BamHI g fragment is unchanged. The location of the site within BamHI g was determined by XbaI-BamHI double digestion and sizing of the resultant fragments of g cut by XbaI (results not shown). As no sequencing data are available for this region of the HG52 genome, it has not been possible to pinpoint the alteration leading to the formation of the new site. This variant has been designated JH2617.
(ii) Recombination experiment The mutants JH2617 and JH2611 were used as the two parents in a non-selective recombination experiment carried out at 31 °C in BHK21/C13 cells. JH2617 was designated parent 1 (P1) and JH2611 parent 2 (P2). Cells were infected at a total m.o.i, of 10 p.f.u./eell at P1 :P2 ratios of 1 : 1, 1 : 3 and 3 : 1. After 24 h incubation, the cells were harvested, virus was released by sonication and the progeny were titrated at 31 °C. In order to determine the resultant P1 :P2 output ratio from the various PI:P2 input ratios, the progeny from each parental cross was screened. Twenty-four single plaques were isolated from each double infection and their DNA was restricted with HindlII-XbaI to determine the presence or absence of each of the five XbaI sites. The HindlII-XbaI profiles for each of the sites is shown in Fig. 1 (b) . When the XbaI 0.17 m.u. site is present, the HindlII b fragment is cut to give two b' fragments; similarly the 0-45 m.u. XbaI site cuts HindlII e, the 0.7 m.u. XbaI site cuts HindlII a, the 0.91 m.u. XbaI site cuts HindlII l; HindlII k gives rise to two k' fragments when the 0.94 m.u. XbaI site is present, and because k is an end fragment the two k-containing joint fragments are also smaller in size. With a parental ratio of 1 : 1 P1 :P2, the 24 progeny contained 10 P1, six P2, six recombinants and two which were a mixture of genomes; 1 and 9 were the most abundant classes representing 3 and 2.35~ of the total progeny. Recombinant 9 represents a single crossover between 0.7 and 0.91 m.u., i.e. between the long (L) and short (S) regions of the genome and recombinant 1 a single crossover between 0-17 and 0-45 m.u.
(iv) Contribution of the four genomic isomers
The structure of the HSV genome results in four viable isomers; the prototype P, Is in which S is inverted, IL in which L is inverted and ISL in which both are inverted with respect to the prototype. The positions of the five XbaI sites in each isomer are shown in Fig. 3 . It can be seen that when UL is inverted, the XbaI sites are present at 0.13, 0.38 and 0-66 m.u., and when Us is inverted the XbaI sites are at 0.89 and 0.92 m.u. This results in the distance between any one site in UL and any one site in Us being 50~ of the genome length e.g. (P) 0.7 to 0.91 = 21 ~o, (Is) 0.7 to 0.92 = 22~o, (IL) 0"13 to 0"91 = 78~o and (IsL) 0"13 to 0"92 m.u. = 79~ giving an average distance of 200/4 = 50~o. Taking this into account we have scored the number of recombinants between any two sites in relationship to the distance between the sites. When the percentage recombination is scored as a function of genome length, it can be seen from Table 2 that there is an average of 25 ~ recombination between any marker in L and any marker in S with a range from 21.4~ to 27-8~o. Between markers in L there is an average recombination frequency of 32~ with a range from 23-6~ to 37~. As expected, the further apart the markers, the lower the percentage recombination per kbp, e.g. when the distance apart is 50~ of the genome length, there is an average of 0.16~ recombination/ kbp whereas when the distance between markers is 28 ~o of the genome length, the percentage recombination is 0.24/kbp. The level of recombination between the two markers in S is considerably higher than between any other markers, being 0.75~o/kbp. When the recombinant progeny are scored for the presence or absence of a particular site (Table 3 a) it can be seen that each site is more or less equally represented and that there is no selective advantage for any one. (1708) . This site was caused by a spontaneous mutation with no detectable deletion/insertion (Cook & Brown, 1987; MacLean & Brown, 1987b) . One of the parents for the recombination experiment was constructed by inserting into 1708 a fragment containing the ts mutation from the mutant ts1206 (V. G. The second parent for the recombination experiment was constructed by inserting into 1702 the ts lesion of the mutant tsl201 (Preston et al., 1983 ) situated at 0.33 m.u.
The new virus was designated tsl702 and was subsequently shown to have a second ts mutation at 0.414 m.u. Fig. 4 shows diagrammatically the structure of the two parental genomes.
(ii) Recombination experiment * Length between the markers in column 1 as a function of the total genome length; takes into account the four isomeric forms.
t Number of recombinants with a crossover between the markers in column 1.
(Number of recombinants/total number of progeny) x 100. § (Value in column 4/value in column 2) x 100. (i.e. ts + progeny) and recombination frequency at each time point. The latter represents recombination between the 0.72 m.u. ts lesion and the 0-414 m.u. ts marker. Recombinant virus was first detected 4 h post-infection and the recombination frequencies increased exponentially with time to a level of 15 ~ by 24 h post-infection. It can be seen that the curves for the tsl201 x ts1206 and ts1702 × ts1708 crosses were parallel. Control single infections with ts1702 or ts1708 showed that neither virus was leaky or contained revertants capable of growth at 38.5 °C. was released by sonication and titrated at 31 °C and 38.5 °C (the non-permissive temperature). A control recombination experiment was also carried out between the ts parents, ts1201 and ts1206. Fig. 5 shows the results from this experiment. The total yield of progeny virus at each time point is represented for each cross (i.e. tsl201 x ts1206 and ts1702 x ts1708), as are the 38.5 °C titres (iii) Analysis of recombinants To analyse the recombinants for the distribution of XbaI sites, 100 ts + progeny plaques were picked at each time point from the ts1702 x ts1708 cross. 32p-Labelled DNA was prepared from each virus and RE analysis by double digestion with HindIII-XbaI was carried out to determine the presence or absence of XbaI sites.
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As neither parental virus demonstrated leakiness or reversion, it is expected that all ts + plaques arose by recombination between the 0.414 m.u. ts site and the 0.72 m.u. ts site to contain a wild-type allele in both positions. Recombination has been analysed in six areas of the genome (Fig. 4) For each time point, the number of genomes with crossovers in each region is shown in Table 4 . Within the selected region (0-414 to 0-72 m.u.) the RF in both regions 4 and 5 is around 50 Yo and remains constant with time. This is the expected result (total 100K) in that each genome must have recombined between the two ts markers. No recombinants were detected in region 3. Outside the selected regions, i.e. regions 1, 2 and 6, there was an exponential increase in recombination frequency between 4 and 24 h. This level of unselected recombination was high (49, 11 and 17 ~) compared to an RF of 15 ~ between the two ts markers at 24 h, (Fig. 5) possibly implying that extensive genome alignment has a role in recombination. Table 4 also shows that recombination frequency as a function of genome length i.e. per kbp. For regions 1, 2 and 4, by 24 h the number of recombination events per bp was very similar whereas in regions 5 and 6 there appeared to be two and three times the number of detectable recombinants/unit length. This, however, is based on both selected and unselected classes.
(iv) Number of crossovers per genome as a function of time
The number of genomes with between one and six detectable crossovers at any point on the genome was calculated and the results are shown in Table 5 . At 4 h post-infection >90% of recombinant viruses had only one crossover whereas by 24 h post-infection 61% of the recombinants had more than one crossover. As multiple crossovers have an equal probability of occurring at any time throughout the growth cycle, these results show that recombinant genomes are themselves taking part in further recombination events.
(v) Unselected recombination As a control for the above analysis, 96 plaques were picked from the 31 °C progeny from a tsl702 x tslV08 recombination experiment. RE analysis with HindIIIXbaI revealed that 24 were tslV02, 30 tsl708 and 42 had recombined between the XbaI sites. The recombinant progeny were scored for the presence or absence of each XbaI site and the number of recombination events between each site is shown in Table 6 . The recombination frequency as a function of genome length is also shown and it can be seen that the amount of recombination in each of the assessed regions is very similar and is comparable to that betweeen the ts mutants. When the total progeny were scored for the presence of each individual site the 0-7 m.u. site was represented 37 times, the 0.29 m.u. site 52 times, the 0.45 m.u. site 63 times, the 0.63 m.u. site 56 times and the 0.74 m.u. site 60 times, indicating that there is no selective advantage for any one scorable region. Amongst the recombinants 28 had a single crossover, 12 had two crossovers and two had three crossovers.
Discussion
The general discrepancy between the physical and genetic maps for HSV-1 prompted Honess et al. (1980) to study HSV recombination using a range of markers, i.e. temperature sensitivity, plaque morphology, phosphonoacetic acid (PAA) resistance and thymidine kinase phenotypes and polypeptides mobilities. On finding mean two-factor recombination frequencies ranging from 2 to 40 % being dependent on parental contribution, Honess et al. (1980) came to the conclusion 'that an essential part of the analysis should be a study of the segregation of unselected markers among recombinant progeny rather than measurements of frequencies of recombination between selected markers'. We subsequently suggested that RE site deletion mutants might facilitate the study of HSV recombination (Brown et al., 1984) . Umene (1985) provided a practical demonstration using two strains of HSV-1 with eight RE site differences to study recombination. In our view, an understanding of the factors involved in recombination could only be achieved by studying the events between pairs of genomes which were essentially homologous apart from the mutations abolishing the RE sites, i.e. intrastrain recombination. Non-homology will certainly influence the ability of genomes to recombine whereas using intrastrain recombination any constraints imposed by non-homology can be discounted. The analysis presented has been approached by studying unselected and selected recombinants. By analysing unselected recombinant progeny for the presence or absence of the five HSV-2 XbaI sites, it was possible to score the 30 recombinant and two parental classes. From the 223 scorable recombinants, 27 recombinant classes were detectable and of those the most abundant were the classes involving a single crossover event. It is envisaged that the three remaining categories would have been identified on screening further progeny. Among the selected recombinants of HSV-1, a single crossover was also the most common event. (A single crossover may mean any uneven number of crossovers between two adjacent markers.)
The presence of two markers in S and three in L afforded the opportunity to determine the contribution of the four genomic isomers (P, IL, IS, ISL). Data from Umene (1985) indicated the participation of both of two arrangements of the L component (P or I s and IL or ISL ) in the generation of recombinants. Our analysis suggested that the four isomers are involved in the process. The recombination frequencies displayed between any marker in L and each of the markers in S were very similar. Had there been a preference for one isomer over the other then it would have been expected that the recombination frequencies would have reflected the relative distances between markers in the S and in the L genome regions. However, because the two markers in S are very close, the conclusion that all four isomers participate will require confirmation when other markers in S become available.
By studying the time course of recombination between the HSV-1 selected recombinants, it has been possible to show that the number of crossovers per recombinant increases with time. As genomes have an equal probability of recombining throughout the cycle, these data provide proof for our earlier work (Brown et al., 1973) showing that parental and progeny molecules take part in recombination. This has been substantiated by measuring the frequency of recombination in the presence and absence of PAA, which confines recombination to parental molecules. In the presence of 200 p.g/ml PAA ts1702 x ts1708 gave an RF of 0"13~o and tsl201 x ts1206 a figure of 0.42~ at 24 h post-infection. In the absence of PAA the equivalent figures were 19.6~ and 19~ respectively.
When RF was calculated as a function of genome length in HSV-2, the average frequency was 0.43 per kbp. In HSV-I the unselected recombination frequency was 0.45 per kilobase pair. The figures were therefore similar. Both were, however, 60 times higher than that found by Umene (1985) with an average recombination frequency of 0.007 per kbp. The discrepancy could be due to the fact that different HSV-1 strains were used as parents whereas in our study there was no incompatibility of parental genomes and/or due to the role of cellular enzymes. Cellular enzymes involved in the recombina- tion process may vary in efficiency between cell types, thereby causing variation in the overall frequency of recombination. In our study BHK21/C 13 cells were used, whereas in the study by Umene (1985) , Vero cells were the host. To test this hypothesis the RF between ts1702 x ts1708 and tsl201 x ts1206 at 24 h post-infection were compared in a range of host cells. The results shown in Table 7 demonstrate quite clearly that Hep2 and CV1 are nine times less efficient; Vero cells are eight times less efficient and HFL cells six times less efficient than BHK21/C13 cells in supporting HSV recombination. The frequency of recombination in resting BHK21/C13 cells (serum-starved) is in fact greater than that in the other cell types. Obviously the contribution of cellular factors plays a large part in the recombination process and our contention is that cell type and homology of parental genomes both have important roles. Two other observations emerged from this study. (i) In HSV-2, recombination between the two markers in S was much higher than between other markers, i.e. 0.75 per kbp. This could mean that either there is more recombination in this region than in other regions or, because of the small distance between the 0-91 and 0-94 XbaI sites, this is a true measurement of a single crossover, whereas the distances between the other markers are much longer, thereby allowing the possibility of several crossovers. If this was the case, then calculation of recombination frequency would be artificially low. Now that the HindIII sites in HSV-1 have been deleted, this question could be answered since the distances between markers cover a wider range. (ii) In the study of HSV-I selected recombinants, the RF between the two selected markers was 15 ~. Outside the selected areas the RFs were much higher than expected, e.g. 49~o by 24 h in region 1. The probability of this level of recombination occurring at random is low (P < 0-001). The comparable figure for unselected recombination was 19~ between the 0.07 and 0.29 XbaI sites. This suggests that molecules which have correctly aligned and complexed for recombination will recombine at a very high frequency compared to the frequency determined from the total pool.
From this study of HSV-1 and -2 recombination it is clear that, as shown previously, HSV is highly recombinogenic; parental and progeny molecules participate in the process; the four isomers probably take part in recombination; cellular factors, in conjunction with the homology of the genomes, influence the efficiency and genomic alignment is part of the recombination process.
